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(57) ABSTRACT

A voltage regulator recerves an mput voltage and produces a
regulated output voltage. A first feedback network compares
a feedback signal to a reference signal to assert/de-assert a
first pulsed control signal when the reference signal 1s
higher/lower than the feedback signal. A second feedback
network compares the output voltage to a threshold signal
to assert/de-assert a second control signal when the thresh-
old signal 1s higher/lower than the output voltage. A charge
pump 1s ¢nabled 1f the second control signal 1s de-asserted
and 15 clocked by the first pulsed control signal to produce a
supply voltage higher than the input voltage. A first pass
clement 1s enabled when the second control signal 1s
asserted and 1s selectively activated when the first pulsed
control signal 1s asserted. A second pass element 15 selec-
tively activated when the second control signal 1s de-
asserted.

20 Claims, 6 Drawing Sheets
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VOLTAGE REGULATOR CIRCUIT AND
CORRESPONDING MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of Italian Patent Appli-
cation No. 102021000027458, filed on Oct. 26, 2021, which
application 1s hereby incorporated herem by reference.

TECHNICAL FIELD

The description relates to voltage regulator circuits that
may be applied, for mstance, to memory devices such as
phase-change memory (PCM) devices, and/or general pur-
pose microcontrollers (GP MCUSs).

BACKGROUND

Low-dropout (LDO) voltage regulator circuits are widely
used for industrial and automotive applications, €.g., 1n gen-
cral purpose microcontrollers. An LDO regulator 1s typi-
cally an integrated circuit designed to provide a constant
(¢.g., fixed) output voltage over varying load conditions,
with mimimal voltage dropout and fast response time.

The mcreasing demand for portable and battery-operated
electronic devices requires LDO regulators able to operate
in a wide range of supply voltage and/or 1n multi-voltage
platforms. For mstance, the power supply voltage Vcc of
the circuit may be 1n the range of 1.6 V to 3.6 V, and the
operating voltage Vpp of the chip may be 1n the range of
0.8 Vto 1.15V. As a consequence, standby current flow and
quiescent current flow are relevant parameters 1n the design
of LDO regulators, also considering that the LDO regulators
may be expected to operate m a wide temperature range
(¢.g., from -40° C. to 125° C)).

Therefore, there 1s a need 1 the art to provide improved
voltage regulator circuits (e.g., LDO regulators) having fast
response time, small silicon area, low standby current and
quiescent current consumption, and/or high current
efficiency.

SUMMARY

An object of one or more embodiments 1s to contribute 1n
providing such improved voltage regulator circuits.

According to one or more embodiments, such an object
can be achieved by a circuit having the features set forth mn
the claims that follow.

One or more embodiments may relate to a corresponding
memory device.

The claims are an integral part of the technical teaching
provided herein 1n respect of the embodiments.

In one or more embodiments, a circuit comprises an mput
node configured to receive an mput voltage, and an output
node configured to produce a regulated output voltage. The
circuit comprises a first feedback network configured to pro-
duce a feedback signal indicative of the regulated output
voltage, and compare the feedback signal to a reference sig-
nal to produce a first pulsed control signal. The first pulsed
control signal 1s asserted 1n response to the reference signal
being higher than the feedback signal and de-asserted in
response to the reference signal bemg lower than the feed-
back signal. A time-averaged value of the first pulsed con-
trol signal 1s thus a function of (e.g., 1t 1s linearly dependent
on, or proportional to) the difference between the reference
signal and the feedback signal. The circuit comprises a sec-
ond feedback network configured to produce a threshold

10

15

20

25

30

35

40

45

50

335

60

035

2

signal indicative of the mput voltage, and compare the regu-
lated output voltage to the threshold signal to produce a sec-
ond control signal. The second control signal 1s asserted 1n
response to the threshold signal being higher than the regu-
lated output voltage and de-asserted mm response to the
threshold signal being lower than the regulated output vol-
tage. The circuit comprises a charge pump circuit configured
to produce a supply voltage higher than the input voltage.
The charge pump circuit 1s enabled 1n response to the second
control signal being de-asserted and 1s clocked by the first
pulsed control signal, whereby the value of the supply vol-
tage 1s a function of (e.g., it 1s linearly dependent on, or
proportional to) the first pulsed control signal. The circuit
comprises a first pass element arranged between the 1nput
node and the output node. The first pass element 1s enabled
1in response to the second control signal being asserted and 1s
selectively activated to connect the mput node to the output
node m response to the first pulsed control signal being
asserted. The circuit comprises a second pass element
arranged between the output of the charge pump circuit
and the output node. The second pass element 1s selectively
activated to connect the output of the charge pump circuit to
the output node 1n response to the second control signal
being de-asserted.

In one or more embodiments, the first feedback network
comprises a low-voltage clocked comparator configured to
compare the feedback signal to the reference signal, to assert
the first pulsed control signal in response to the reference
signal bemng higher than the feedback signal, and to de-
assert the first pulsed control signal 1n response to the refer-

ence signal being lower than the feedback signal.
In one or more embodiments, the low-voltage clocked

comparator comprises a plurality of dynamic (¢.g., clocked)
comparators clocked by respective time-shifted clock sig-
nals. The respective clock signals have the same clock per-
10d and are time shifted one with respect to the other by a
fraction of the clock period. The dynamic comparators 1 the
plurality of dynamic comparators are configured to sequen-
tially compare the feedback signal to the reference signal to
assert and de-assert respective output signals 1 response to
the reference signal being higher and lower, respectively,
than the feedback signal. The low-voltage clocked compara-
tor comprises a monostable circuit configured to receive the
output signals from the plurality of dynamic comparators
and to assert the first pulsed control signal 1n response to
assertion of any of the output signals received from the plur-
ality of dynamic comparators.

In one or more embodiments, the low-voltage clocked
comparator comprises a ring oscillator configured to pro-
duce the time-shifted clock signals for the plurality of

dynamic comparators.
In one or more embodiments, the circuit comprises a first

level shifter circuit arranged between the low-voltage
clocked comparator and the first pass element. The first
level shifter circuit 1s configured to shift the first pulsed con-
trol signal from a low-voltage domain to a high-voltage
domain and to propagate the shifted first pulsed control sig-
nal to the first pass element 1n response to the second control
signal being asserted.

In one or more embodiments, the first feedback network
comprises a first resistance arranged 1n series with a first
current generator between the output node and a ground
node. The feedback signal 1s produced at a node intermedi-
ate the first resistance and the first current generator.

In one or more embodiments, the first current generator
comprises a variable current generator configured to pro-
duce a variable current as a function of the value of a first
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digital control signal, whereby the feedback signal 1s shifted
as a function of the first digital control signal.

In one or more embodiments, the second feedback net-
work comprises a second resistance arranged 1 series with
a second current generator between the mput node and a
oground node. The threshold signal 1s produced at a node
intermediate the second resistance and the second current
generator. The second feedback network comprises a further
comparator configured to compare the regulated output vol-
tage to the threshold signal, to assert the second control sig-
nal 1n response to the threshold signal being higher than the
regulated output voltage, and to de-assert the second control
signal 1n response to the threshold signal being lower than
the regulated output voltage.

In one or more embodiments, the second current genera-
tor comprises a varnable current generator configured to pro-
duce a variable current as a function of the value of a second
digital control signal, whereby the threshold signal 1s shifted
as a function of the second digital control signal.

In one or more embodiments, the circuit comprises an
inverter circuit and a second level shifter circuit arranged
between the turther comparator and the second pass element
to produce a complement signal of the second control signal,
shift the complement signal from a low-voltage domain to a
high-voltage domain, and propagate the shifted complement
signal to the second pass element. The second pass element
1s activated m response to the shifted complement signal
being asserted and 1s de-activated 1n response to the shifted
complement signal being de-asserted.

In one or more embodiments, a memory device comprises
an array of memory cells arranged 1n a plurality of bit lines
and a plurality of word lines. Each memory cell 1s arranged
in series with a respective selection transistor between a
ground terminal and the corresponding bit line, and each
bit line 1s selectively couplable to a supply voltage rail pro-
viding a regulated voltage. The memory device comprises a
voltage regulator circuit according to one or more embodi-
ments, having the output node coupled to the supply voltage
rail to provide the regulated voltage thereto. The voltage
regulator circuit 1s selectively activated to produce the regu-
lated voltage mn response to a memory read command being
recerved by the memory device.

In one or more embodiments, the word lines are selec-
tively couplable to the output node of the voltage regulator
circuit. The memory device 1s configured to couple one or
more unselected word lines to the output node of the voltage
regulator circuit during a read operation from a selected
word line 1n the memory device.

In one or more embodiments, a filtered output voltage 1s
produced at the one or more unselected word lines coupled
to the output node of the voltage regulator circuit. The first
feedback network of the voltage regulator circuit 1s selec-
tively couplable to the unselected word lines and 1s config-
ured to produce the feedback signal indicative of the filtered
output voltage. The second feedback network of the voltage
regulator circuit 1s selectively couplable to the unselected
word lines and 1s configured to compare the filtered output
voltage to the threshold signal to produce the second control
signal.

BRIEF DESCRIPTION OF THE DRAWINGS

One or more embodiments will now be described, by way
of example only, with reference to the annexed figures,
wherein:
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FI1G. 1 1s a circuit diagram exemplary of a memory archi-
tecture according to one or more embodiments of the present
description;

FIG. 2 1s a time diagram exemplary of signals during a
read operation 1n a memory;

FIG. 3 1s a circuit diagram exemplary of a voltage regu-
lator circuit, particularly a low-dropout voltage regulator
circult;

FIG. 4 1s a circuit diagram exemplary of a voltage regu-
lator circuit according to one or more embodiments of the
present description, particularly a low-dropout voltage reg-
ulator circuit; and

FIGS. 5A, 5B and 5C are circuit diagrams exemplary of
possible implementation details of voltage regulator circuits
according to one or more embodiments of the present
description.

DETAILED DESCRIPTTION OF ILLUSTRATIVE
EMBODIMENTS

In the ensuing description, one or more specific details are
illustrated, aimed at providing an m-depth understanding of
examples of embodiments of this description. The embodi-
ments may be obtamed without one or more of the specific
details, or with other methods, components, matenals, etc.
In other cases, known structures, materials, or operations are
not illustrated or described 1n detail so that certain aspects of
embodiments will not be obscured.

Reference to “an embodimment” or “one embodiment™ 1n
the framework of the present description 1s intended to 1ndi-
cate that a particular configuration, structure, or characteris-
tic described 1n relation to the embodiment 1s comprised 1n
at least one embodiment. Hence, phrases such as “in an
embodiment” or “in one embodiment” that may be present
in one or more pomts of the present description do not
necessarily refer to one and the same embodiment. More-
over, particular configurations, structures, or characteristics
may be combmed 1in any adequate way 1 one or more
embodiments.

The headings/references used herein are provided merely
for convemience and hence do not define the extent of pro-
tection or the scope of the embodiments.

Throughout the figures annexed herein, unless the context
indicates otherwise, like parts or elements are indicated with
like references/numerals and a corresponding description

will not be repeated for the sake of brevity.
By way of mtroduction to the detailed description of

exemplary embodiments, reference may first be made to
FIGS. 1 and 2. FIG. 1 1s a circuit diagram exemplary of a
memory reading architecture i a phase-change memory,
and FIG. 2 1s a time diagram exemplary of signals during a
read operation m the memory of FIG. 1.

As exemplified in FIG. 1, a memory 10 may comprise an
array of memory cells 102 (e.g., phase-change memory
cells) arranged 1n bit lines 103B (here 1illustrated as vertical
lines) and word lines 103W,, 103W,, 103W3 (here 1llu-
strated as horizontal lines) according to a memory architec-
ture known per se. In particular, each memory cell 102 may
be arranged 1n series with a respective selection transistor
104 (¢.g., a pnp BJT transistor) between a ground voltage
terminal and the respective bit line 103B. The selection tran-
sistors 104 of a same word line 103W receive a same control
signal at their control (e.g., base) terminals, €.g., control s1g-
nals WL, WL,, WL3 as exemplified in FIGS. 1 and 2. Each
bit line 103B may be selectively coupled (e.g., via a respec-
tive p-channel MOS transistor 106 having 1ts current path 1n
series to the bit line and receiving a control signal Y SEL)
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to a supply voltage rail 108 that provides a regulated voltage
Vireeg. Additionally, respective clamping transistors 110
(c.g., pnp BJT transistors) may be coupled between each
bit line 103B (e.g., at the source terminals of transistors
106) and the ground termunal. The clamping transistors
110 may receive the same control signal WLy 41.p at therr
control (e.g., base) terminals. Each bit line 103B has a
respective capacitive load Cpg; due to the capacitances of
the memory cells 102 and/or of the transistors 106, 110.

A read operation 1 a phase-change memory as exempli-
fied in FIG. 1 may be carried out as exemplified i FIG. 2 to
read (and provide as output) the content of plural PCM
words on an output data bus DATA OUT|[144:0]. Generally,
1n a phase-change memory, information may be stored asso-
ciating two cells to each bit: a SET cell (having low resis-
tance and high current) and a RESET cell (having high resis-
tance and low current). A memory sense circuit may read
information from the cells 1 differential mode. In one or
more embodiments, two operations may be available to
read the memory content, 1.¢.:

read 1n 128-bit mode: this operation reads the content of

one word (128 bits of data plus 17 bats of ECC, 1.e.,

145 bits 1n total) at a specified address. In this case,
the MSB (Most Significant Bit) address 1s used to select
the first memory back (BANKO) or the second memory
back (BANKI1), since the memory may include two
banks. One word (145 bats) will be provided at the out-
put data bus DATA OUT[144:0], and 145 sense ampli-

fiers may be provided for each memory bank;
read 1 256-bit mode: this operation reads the content of

two words that are stored i two different memory
banks. In this case, the LSB (Least Significant Bit)
address 1s used to select the first memory back
(BANKO) or the second memory back (BANKI1). The
first word (128 bats of data plus 17 bits of ECC, 1.¢.,
145 bits 1n total) will be provided at the output data
bus DATA OUT[144:0] after some latency (1 4-¢),

and the second word will be provided at the output

data bus DATA OUT[144:0] after a very short latency
(Lacca)- | |

It will be noted that the number of bits that are read

parallel, as well as the access time, may vary in different

embodiments.

In order to provide fast reading of the memory cells, the
specification for the memory access time (T 400) may be
particularly demanding (¢.g., in the order of 10 ns). As sta-
ted previously, read parallelism (e.g., reading two words 1n
parallel) may be used to increase the throughput of the out-
put data. As stated previously, sensing of the content of the
memory cells may be carried out 1n differential mode: a sen-
sing circuit reads 1n differential mode from the bat line
BL. SET and the bit line BL. RESET, so that the SET mem-
ory cell and the RESET memory cell are selected. The SET
memory cell and the RESET memory cell are selected by
properly driving the control signals (word selection signals)
WL,, WL,, WLs: for instance, as exemplified 1n FIG. 2, by
keepmg signals WL, and WL3 at a high logic value (e.g.,
equal to a supply voltage Vo) and by driving signal WL?2 to
a low logic value (e.g., equal to the ground voltage) cell
102, 1s selected as the SET cell and cell 1025 1s selected as

the RESET cell.
A voltage regulator (e.g., an LDO regulator) produces the

regulated voltage Vzzs at the supply rail 108 (e.g., having
an expected voltage value Vpr cmarcr). The value
Vi crarce Of voltage Vpze should be high enough to pro-
vide a proper voltage stack to the bit lines to result in the
correct values of the memory cells currents. Before sensing
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(e.g., differentially between BLL. SET and BLL. RESET), the

voltage Vp; at the selected bit lines 1s clamped to the value
Ve of the base-emitter voltage of the clamping transistors
110, and then the bit lines are pre-charged to the value
Ver crarce ©f the regulated voltage Vyigs by activating
the transistors 106 (see i FIG. 2 the control signal Y SEL
switching from a high value Vp; cpirce to a low value to
activate transistors 106). The control signals WL; and WL;
of the unselected word lines are driven to a high voltage
value (e.g., a supply voltage V) so as to keep the respec-
tive selection transistors in a non-conductive state.

Due to the high read parallelism, the number of bit lines
that are pre-charged to Vp; cmargr betore sensing may be
high. For stance, in the case of reading 148 bats
(128 words + ECC + redundancy) from two bit lines (SET
and RESET) with a word parallelism equal to two, the num-
ber of pre-charged bit lines 1s equal to 148*2*2=592. The
parasitic capacitance Cp; of each bit line may be 1n the range
of some tens of IF (1 {F = 10-15 F) up to some hundreds of
tF. During the pre-charge phase, all the pre-charged bat lines
are charged from the value Vg (e.g., about 0.5 V) to the
value Vpr crarcre (€.2., about 1.55 V). When the bit lines
are connected to the supply rail 108 via the transistors 106, a
relevant current flows from the supply rail 108 towards the
bit lines, causing a relevant drop of the voltage V gzg whose
value decreases from the regulated value Vg; crirare (€€
again FIG. 2). In various applications, such a voltage drop of
the regulated voltage Vzzs has to be recovered m a short
recovery time (1zzc) to provide a short access time (T 40¢0)
as discussed above. Considering a recovering time Tpze
having an exemplary value of about 2 ns or 3 ns, the voltage
regulator that supplies the supply rail 108 may be demanded
to provide a peak current I, equal to:

Npp -Cpy '(VB_L_CHARGE _VBE) _5392-113 fF-1.0V

I ~ 35 mA

peak —

T oge 2 ns

Therefore, the (LDO) voltage regulator should be able to
provide a high current with a fast response time.

Another 1ssue that may be relevant 1s related to the wide
supply voltage range and 1n particular to the lower supply
voltage value, which may be lower than the regulated value.
For mstance, it the mmimum value V¢ 7y 0f the supply
voltage Vc1s about 1.62 V, Vpr cpyrce may be lower than
Vee oy m typical cases but higher than Veeyy 10 some
corner cases (e.g., slow silicon and high temperature) to
compensate the selector and cell vanations. Additionally,
the value Vp; crarce could be set higher to provide higher
SET currents and reduce read fails. Therefore, the (LDO)
voltage regulator may be demanded to provide the correct
output voltage even if the supply voltage V.~ 1s lower than
the expected regulated voltage Vpr crircE.

FIG. 3 is a circuit diagram exemplary of the circuit archi-
tecture of an LDO voltage regulator 30 for use in a memory
device. In particular, the regulator comprises an input node
300 configured to recerve an mput voltage Vee (e.g., 1n the
range of 1.6 V to 3.6 V) and an output node 302 configured
to provide a regulated output voltage Vzzs (e.g., m the
range of 1.6 V to 1.8 V). A pass element 304 (e.g., a p-
channel MOS transistor) provides a current path between
the mput node 300 and the output node 302, whose conduc-
tivity can be modulated as a function of a control signal
applied to the pass element 304 (¢.g., to the gate of transistor
304). By means of a selector 306 (e.g., a pair of switches),
the terminal of the pass element 304 opposed to the output
node 302 (e.g., the source terminal of transistor 304) can be
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either directly connected to the input node 300 (when the
input voltage V¢ 1s higher than the output voltage Vzees
that the regulator 30 1s expected to provide), or can be
coupled to the output of a charge pump circuit 308 (when
the mput voltage V- 1s lower than the output voltage
Vreg). The charge pump circuit 308, which 1s also coupled
to the mput node 300 to recerve therefrom the mput voltage
Ve, may recerve an enabling signal PMP EN and a clock
signal PMP CK and may produce an output voltage higher
than V-, as a tunction of signals PMP EN and PMP CK
a manner known per se. A large tank capacitance Cryyx 18
coupled between the output node 302 and the ground node

310 and provides a charge reservoir to reduce undershoot of

the output voltage Veze.

The LDO regulator 30 also comprises a feedback network
to produce the control signal for the pass element 304. In
particular, the feedback network comprises a resistor R1
arranged 1n series with a variable current generator 312
between the output node 302 and the ground node 310.
The amount of current generated by the current generator
312 may depend on a digital control signal
VBL CTL<4:0>. The node mtermediate the resistor R1
and the current generator 312 may thus provide a feedback
signal VB that 1s provided at the mverting input of a high-
voltage comparator 314. A reference voltage signal VREF1s
provided at the non-mverting mput of the comparator 314.
The comparator may receive a supply voltage from the node
intermediate the pass element 304 and the selector 306, 1.¢.,
may receive either the supply voltage Ve or the supply vol-
tage produced by the charge pump 308, depending on the
state of the selector 306. The output signal from the com-
parator 314 1s provided as a control signal to the pass ele-
ment 304.

Theretore, i the LDO architecture exemplified mn FIG. 3,
a big selector 306 (e.g., two big switches) 1s necessary to
connect the mput of the pass element 304 and the supply
node of the comparator 314 to the mput node 300 or to the
output of the charge pump 308 (depending on the state of the
selector 306, which depends on the difference between the
values of V- and Vygzs). Also, a voltage detector 1s neces-
sary to correctly operate the selector 306.

One or more embodiments may rely on a different LDO
voltage regulator architecture 40 as exemplified 1n FIG. 4,
also referred to as on/off LDO regulator with mtegrated
charge pump, which 1s also suitable for use m a memory
device 10 as exemplified m FIG. 1.

In particular, 1n one or more embodiments a voltage reg-
ulator 40 comprises an mput node 400 configured to recerve
an 1nput voltage V¢ (€.g., 1 the range of 1.6 V to 3.6 V)
and an output node 402 configured to provide a regulated
output voltage Vzzg (€.g., 1n the range of 1.6 V to 1.8 V).

One or more embodiments may comprise a first pass ¢le-
ment 404a (¢.g., an electronic switch, more specifically an
n-channel MOS transistor) arranged between the mput node
400 and the output node 402. When enabled, the first pass
clement 404a 1s selectively activatable (e.
manner) to provide a low-impedance current path between
the mput node 400 and the output node 402. The first pass
clement 404a may be enabled 1n response to the mput vol-
tage V- bemg higher than the output voltage V. that the
regulator 40 1s expected to provide, possibly by a margin
AV. Purely by way of example, the channel of transistor

404a may have a width of about 200 um and a length of

about 0.3 um.

One or more embodiments may comprise a first feedback
network configured to produce a control signal COMP -
OUT that controls the first pass element 404a. In particular,

o . 1n an on-ofif
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the first feedback network may comprise a resistance R1
(e.g., a resistor) arranged 1n series with a variable current
generator 412 between the output node 402 and a ground
node 410. The amount of current generated by the current
oenerator 412, and thus the voltage drop across resistance
R1, may depend on a digital control signal VBL CTL<4:0>
(e.g., a 5-bit signal). The node mtermediate the resistance
R1 and the current generator 412 may thus provide a feed-
back signal VFB that 1s fed to the inverting mput of a low-
voltage, high-speed comparator 414. A reference voltage
signal VREF 1s fed to the non-inverting input of the com-
parator 414. The comparator 414 may receive from node
4135 a supply voltage V pp that 1s lower than the supply vol-
tage Vo at node 400 (for mstance, Vpp may be a power
supply voltage 1n the range of 0.81 V to 1.15 V for low
voltage transistors, and V- may be a power supply voltage
in the range of 1.62 V to 3.6 V for high voltage transistors).

In one or more embodiments, the output signal COMP
OIIT from the comparator 414 1s provided as a control sig-
nal to the first pass element 404a via a level shifter circuat
416a. The level shifter circuit 416a may receive a positive
supply voltage VXR and a control signal VCC EN pro-
duced by a second feedback network of the regulator circuat
40, and may be configured to shift the low voltage level
from the output of comparator 414 to the VXR voltage
domain. In particular, the level shifter 416a may be acti-
vated (e.g., turned on) 1n response to the control signal
VCC ENbeing asserted (e.g., set to “17). When turned on,
the level shifter 416a shitts the signal COMP OUTfrom the
Vpp voltage domain level (e.g., 0.81 V to 1.15 V) to the
VXR voltage domam level (e.g., 3.6 V). The level shifter
416a may be deactivated (e.g., turned off) mm response to
the control signal VCC ENbeing de-asserted (e.g., set to
‘0%), thereby forcing the gate of transistor 404a to a low
value (e.g., 0 V) to turn 1t off.

In response to the control signal VCC ENbeing asserted,
the control signal COMP OUT may thus be propagated to
the control terminal of the first pass element 404a (e.g., to
the gate terminal of transistor 404a), so that the first pass
clement 404a 15 activatable, depending on signal COMP -
OUT, when V¢ 1s higher than the expected output voltage
Var cusrce plus a certain voltage margin AV (Ve >
Vier crarce + AV). The gate of transistor 404a may be
clocked to voltage VXR at a very high frequency, since
comparator 414 operates at a high speed. The supply voltage
VXR may be produced by a charge pump circuit regulated
to a value higher than or equal to the maximum value of V¢
(e.g.z, VXR=36V> VCC,MAX)-

One or more embodiments may comprise a charge pump
circuit 408 coupled to the mput node 400 to receive there-
from the 1mput voltage V. The charge pump circuit 408
may receive an enabling signal PMP EN and the control
signal COMP OUT and may produce an output voltage
Vrr suppry higher than Ve as a function of signals
PMP EN and COMP OUT as disclosed i the following.
In particular, the charge pump 408 may be switched on
(respectively, off) as a function of the enabling signal
PMP EN being asserted (respectively, de-asserted), while
the ON/OFF switching activity of the clock phases of the
output stages of the charge pump 408 may be controlled
by signal COMP OUT. Theretfore, in one or more embodi-
ments the charge pump 408 may not be provided with a
dedicated regulator, msofar as 1t may rely on (e.g., use) the
(very fast) comparator 414 1nstead.

One or more embodiments may comprise a second pass
clement 4045 (e.g., an electronic switch, more specifically
an n-channel MOS transistor) arranged between the output
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of the charge pump circuit 408 and the output node 402. The
second pass element 4045 15 selectively activatable (e.g., n
an on-ofl manner) to provide a low-impedance current path
between the output of the charge pump circuit 408 and the
output node 402. The second pass element 4045 may be
activated (e.g., switched to an ON state) 1n response to the
input voltage V-~ being lower than the output voltage Vo
that the regulator 40 1s expected to provide. Purely by way
of example, the channel of transistor 4045 may have a width
of about 200 um and a length of about 0.36 um.

Theretfore, 1n one or more embodiments switching of the
output node 402 between voltage V¢ (recerved from node
400 via pass clement 404a) and voltage Vpr suppry
(received from circuit 408 via pass element 4045) may be
managed dynamically.

One or more embodiments may comprise a second feed-
back network configured to produce the control signals
PMP EN and VCC EN. In particular, the second feedback
network comprises a resistance R2 (e.g., a resistor) arranged
1n series with a vanable current generator 418 between the
input node 400 and the ground node 410. The amount of
current generated by the current generator 418, and thus
the voltage drop across resistance R2, may depend on a digi-
tal control signal VCC CTL<2:0> (e.g., a 3-bat signal). The
node intermediate the resistance R2 and the current genera-
tor 418 may thus provide a threshold signal VTH that 1s fed
to the non-mverting mput of a comparator 420. The output
voltage Vyzre 18 fed to the mverting mput of the comparator
420. The comparator 420 produces as output the control sig-
nal VCC ENby comparing VIH to Vyzo. An mverter cir-
cuit 422 recerves the control signal VCC EN as mput and
produces the control signal PMP EN as the complement of
signal VCC EN.

In one or more embodiments, the control signal PMP EN
1s provided as a control signal to the second pass element
4045 via a level shitter circuit 4165H. The level shifter circuit
4165 may recerve the positive supply voltage VXR and may
be configured to shitt the low voltage level from the output
ol comparator 420 to the VXR voltage domain. The control
signal PMP EN may thus be propagated to the control term-
1inal of the second pass element 4045 (¢.g., to the gate term-
inal of transistor 4045b), so that the second pass element
4045 1s activated when V. 1s lower than the expected out-
put voltage Vgr cwarce plus a certamn voltage margin AV
(Vee < Vi caarce + AV). The gate of transistor 4045 may
be forced to voltage VXR when signal PMP EN 1s asserted,
and the value Vg; cpargr of the output voltage Vypzs may
be regulated directly by the output Vp; suppry of the charge
pump circuit 408. i

In on¢ or more embodiments, at power-up, the output vol-
tage VREG may be driven to 1its regulated value
Viar cuarce tll when a control signal VBL OK 1s asserted
(e.g., set to “17). The output voltage V rzc may be kept at its
regulated value Vg, cnarce €ither by voltage Vo or by
voltage Vp; suppr v. As a result of the enabling signal
PMP EN being asserted (€.g., being set to ‘1), the charge
pump circuit 408 and the driver (1.e., the level shifter 4165
and the pass element 4045) coupled between the pump 408
and the output node 402 may be switched on. The value of
digital signal VCC CTL<2:0> may be set to 2, so that the
charge pump circuit 1s switched on when Voo - Viyezg
~80 mV.

In one or more embodiments, the charge pump circuit 408
may not be provided with an internal voltage regulator. The
output stages may thus be directly controlled by the output
of the comparator 414.
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Additionally, one or more embodiments may not com-
prise a dedicated tank capacitor Cryyx coupled between
the output node 402 and the ground node 410. A large tank
capacitance may be provided at the output node 402 by
selectively connecting, during the read operations 1n the
memory 10, all the unselected word lines (¢.g., word lines
103W, and 103W; according to the example of FIGS. 1 and
2) of all the memory sectors to the output node 402 via
respective switches 424,, ..., 424;. For instance, the
switches 424, ..., 4245 may comprise n-channel MOS tran-
sistors. In case the selection transistors 104 in the memory
10 are pnp BJT transistors (conductive when the respective
control signal WL;, WL, or WL 1s low), ¢ach n-channel
MOS transistor 424, ..., 424; may receive the respective
control signal WL, WL, or WL ; at the gate termminal. Purely
by way of example, 1n a memory architecture including
8 memory sectors, 4 tiles for each sector, and 1056 word
limes for each tile, and considering that the capacitance
Cyy of each word line 1s approximately equal to 180 1F,
the total capacitance couplable to node 402 via the switches
424 may be approximately equal to 8¥4*1056*180 1F =
O nk.

FIGS. 5A, 5B and 5C are circuit diagrams exemplary of
possible implementation details of a voltage regulator cir-
cuit 40 according to one or more embodiments.

In particular, FIG. SA 1s exemplary of a possible imple-
mentation of comparator 414 1 one or more embodiments.
Comparator 414 may comprise a high frequency ring oscil-
lator 500 providing M different clock signals (or clock
phases) CKA, CKB, CKC, CKD, CKE (e.g., five clock sig-
nals). Each clock signal may be delayed by a fraction 1/M
(e.g., one fifth) of the rmg oscillator period Tpge with
respect to the preceding one. For instance, if the frequency
of ring oscillator 00 1s approximately 800 MHz, then T 50
1s approximately 1.25 ns. Each of clock signals CKA, CKB,
CKC, CKD, CKE may have a period of 1.25 ns, with signal
CKB being delayed by 0.25 ns with respect to signal CKA,
signal CKCbeing delayed by 0.25 ns with respect to signal
CKB, and so on until signal CKA being delayed by 0.25 ns
with respect to signal CKE. Each of the clock signals pro-
duced by the ring oscillator 500 may be used to clock a
respective dynamic comparator S02A, ..., S02E. The com-
parators 502A, ..., S02E may thus operate sequentially i a
quasi-continuous mode, with each comparator S02A, ...,
S02E being activated for a time period equal to Toso/M
(e.g2., Tps/5) and with the comparators S502A, ..., S02E
being activated one after the other according to a “rotation”
mechanism. The comparators 502A, ..., S02E may be pro-
vided with offset compensation circuitry. Each of compara-
tors S02A, ..., S02E may recerve the reference signal VREF
at a respective non-mnverting input and the feedback signal
VEB at a respective inverting input. The dynamic compara-
tors S02A, ..., 502FE and the ring oscillator S00 may operate
in a low supply voltage domain (e.g., 0.8 V to 1.15 V), so
that low voltage transistors can be used and very high tre-
quency can be reached. Use of an ultra-high speed compara-
tor 414 as exemplified 1n FIG. SA, which relies on a high
frequency ring oscillator S00 with very fast start/stop opera-
tion and temperature compensation, 1s thus advantageous
insofar as the speed of the regulator 40 may depend mainly
on the speed of comparator 414.

As exemplified in FIG. SA, 1n one or more embodiments
the output signals from comparators S02A, ..., S02E are fed
to a monostable circuit 504 that produces the control signal
COMP OUT. The assertion and de-assertion of signal
COMP OUT depends on the values of signals VREF and
VFB at the mput of the dynamic comparators 502. In
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response to VFB beimng lower than VREF, signal COMP -
OUT will be asserted (e.g., set to °17) and the pass element
404q will supply current to the output node 402. In particu-
lar, the monostable circuit 504 may be configured to gener-
ate a pulse 1n the output signal COMP OUT m response to a
pulse beimng received from any of the dynamic comparators
S02A, ..., 502E. In some cases, generating one pulse 1n the
output signal COMP_OUT may be sufficient to restore the
expected value of the regulated voltage Vzzs, so only one
pulse 1s passed from the comparators S02A, ..., S02E
through the monostable circuit 504. In other cases, two or
more pulses may be necessary to restore the expected value
of the regulated voltage Vzgq, so the output signal COMP -
OUT may be generated by “merging” the pulses received
from the comparators. Therefore, circuit 504 operates as a
monostable circuit msofar as i1t generates a stable output
pulse that may be the composition of a plurality of mput
pulses (one or more).

One or more embodiments may comprise a logic circuit
506 configured to control the switching activity of the ring
oscillator 500 and of the comparators 502 based on read
commands 1ssued towards a memory. In particular, the ring
oscillator S00 and the comparators 502 may be activated
when a read command 1s 1ssued (e.g., a read signal READ-
START 1s asserted or set to °17). The ring oscillator 500 and
the comparators 502 may be refreshed (e.g., periodically) by
a low trequency trimmable clock signal. The logic circuit
506 may produce an enabling signal COMP EN for the
comparators 502A, ..., S502E and a start signal STARTOSC
for the oscillator S00 as a function of one or more of signals
VBL EN, READSTART, REFRESH, VBL. OK and CKA.
In particular, signal COMP EN may be asserted (e.g., set to
“17) 1n response to signal VBL EN being asserted (e.g., set
to °17) indicating that the voltage regulator 40 1s ON after
power-on and signal VBL OK being asserted (e.g., set to
‘17) indicating that signal VREF1s pre-charged to 1ts steady
state at power-on by another circuitry. After power-on, sig-
nals VBL EN and VBL OK are expected to remain
asserted. Additionally, signal COMP EN may be asserted
when a pulse 1s generated 1 signal READSTART (1ndicat-
ing that a read command 1s 1ssued). Signal COMP EN may
remain asserted for a certain time mterval, €.g., depending
on the state of a shuft register clocked by one of the clock
phases of the oscillator 500, ¢.g., clock signal CKA. There-
fore, the voltage regulator 40 may be switched ON (only)
tor a reduced period necessary to perform a memory read
operation. Signal REFRESH may be used to refresh the
Vieee signal (e.g., periodically insofar as 1t 1s a clocked
structure).

FIG. 5B 1s exemplary of a possible implementation of the
feedback networks that produce signals VFB, VCC EN and

PMP EN.
As exemplified m FIG. SB, one or more embodiments

may comprise a reference current generator circuit 508.
The circuit 508 may comprise an operation amplifier 510
that produces a gate control signal for transistors 512, 514
and 3516 (¢.g., p-channel MOS transistors). Transistor 512
may have a certain width 10*W, a gate terminal coupled to
the output of amplifier 510, a source terminal coupled to the
supply node 400 to receive the supply voltage V-, and a
drain terminal coupled to a first terminal of a resistance R51
(e.g., a 123 kQ resistor). The second terminal of resistance
R31 may be coupled to the ground node 410. The non-
inverting mput of amplifier 510 may recerve a bandgap
reference voltage VBG and the mverting mput of amplifier
510 may be coupled to a node mtermediate transistor 512
and resistance RS1. Transistors 514 and 516 may have a
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certain width W (e.g., one tenth of the width of transistor
S512), respective gate termunals coupled to the output of
amplifier 510, respective source terminals coupled to the
supply node 400 to receive the supply voltage V-, and
respective drain terminals configured to provide output cur-
rents Izzz. Due to the dimensioning of transistors 512, 514
and 516 the value of current Ipzr may be equal to:

Vea 1
R51 10

! pgp ~1u4

As exemplified 1n FIG. 5B, the vanable current generator
412 may comprise an adjustable current mirror arrangement
including transistors 518, 520 and configured to mirror the
current Ipzr output from transistor 516. In particular, the
current mirror may comprise an n-channel MOS transistor
518 1n transdiode configuration coupled to a vanable n-
channel MOS transistor 520 (¢.g., a set of selectively acti-
vatable transistors 520 arranged i parallel) controlled by
signal VBL GTL<4:0>. Each bit of signal VBL. CTL<4.:.0>
may control (e.g., switch ON/OFF) one¢ of transistors 520 of
the current murror. In particular, variable transistor 520 may
comprise (or consist of) five transistors, one for each bit of
signal VBL CTL<4:0>. By controlling the value on the bus
VBL GTL<4:0>, the current lowing through resistance R1
and the voltage drop V1, on resistance R1 can be controlled.
Resistances R1 and RS1 may be matched. The voltage V;
across resistance R1 (e.g., a 40 kQ resistance) may thus be
computed as:

Vl :IE’REMI .R1:IREF 'JT/EL_CTL{410:}-

Rl VBL CTL<4:0>
1’y =Vpg ' ~
R51 10
By controlling the current Izppns  (With  signal

VBL GTL<4:0>) 1t 1s possible to control the feedback sig-
nal VFB and therefore the regulated voltage Viyzg.

One or more embodiments may comprise two transistors
(e.g., n-channel MOS transistors) 522 and 524 coupled
series between the low-voltage supply node 415 to receive
voltage V pp and the ground node. The gate of transistor 522
may be coupled to a node mtermediate transistor 520 and
resistance R1, and the feedback signal VFB may be pro-
duced at a node mtermediate transistors 522 and 524. The
transistors 522 and 524 may thus shift down the voltage at
the gate of transistor S22. Also signal VREF may be shifted
of the same amount.

As exemplified mm FIG. 5B, the vanable current generator
418 may comprise an adjustable current mirror arrangement
including transistors 526, 528 and configured to mirror cur-
rent Izzr output from transistor 514. In particular, the cur-
rent mirror may comprise an n-channel MOS transistor 526
n transdiode configuration coupled to a variable n-channel
MOS transistor 328 (e.g., a set of selectively activatable
transistors 528 arranged in parallel) controlled by signal
VCC GTL<2:0>. Each bit of signal VCC CTL<2:0> may
control (e.g., switch ON/OFF) one of transistors 528 of the
current mirror. In particular, variable transistor 528 may
comprise (or consist of) three transistors, one for each bit
of signal VCC CTL<2:0>. By controlling the value on the
bus VCC CTL<2:0>, the current flowing through resistance
R, and the voltage drop V, on resistance R, can be con-
trolled. Resistances R, and RS1 may be matched. The vol-
tage V, across resistance R, (€.g., a 40 kQ resistance) may
thus be computed as:
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R2 VCC CTL<2:0>

R,=V.-
> 789 RS 10

By controling the current I;zpp (With  signal
VCC CTL<2:0>) 1t 1s possible to control the threshold sig-
nal VIH and therefore the threshold voltage at which the
charge pump 408 1s switched ON.

As exemplified in FIGS. 3B and 5C, 1n one or more embo-
diments the first and second feedback networks of the reg-
ulator 40 may not be directly coupled to the output node 402
to recerve voltage Vzgs (as shown 1 the simplified scheme
of FIG. 4). Instead, the feedback networks may be coupled
to the unselected word lines of the memory array (e.g., via
transistors 530,, ..., S5303) to receive a voltage signal
Vreeg F, Substantially corresponding to the supply voltage
Vzee as filtered by the capacitive load of the unselected
word lines. Advantageously, such an arrangement may
also prevent undesired switching.

One or more embodiments of an LDO voltage regulator as
exemplified heremn may thus have a fast response time, €.g.,
resorting to high speed dynamic comparators S02A, ...,
S02E 1n the comparator 414.

Additionally, one or more embodiments may provide high
accuracy by resorting to offset compensation for the com-
parators S02A, ..., S02E.

Additionally, 1n one or more embodiments a large capaci-
tance may be selectively coupled at the output node 402 of
the voltage regulator by coupling thereto the unselected
word lines (e.g., via switches 424) of a memory device to
which the voltage regulator 1s coupled. Such arrangement
facilitates providing a fast (e¢.g., almost 1instantaneous) cur-
rent during the pre-charge phase without the need of resort-
ing to a large, dedicated tank capacitance, thereby saving
layout area (e.g., silicon area).

Additionally, one or more embodiments may comprise a
charge pump circuit 408 integrated in the voltage regulator
40. The charge pump circuit 408 may be directly regulated
by the output of dynamic comparator 414, resulting 1n a fast
control and response time, as well as a reduction of the lay-
out area insofar as the pump circuit 408 does not need a
dedicated comparator, feedback circuit and related circuitry.

Additionally, one or more embodiments may provide a
dynamic architecture for switching between the supply vol-
tage Ve and supply voltage Vg; suppry produced by the
pump 408, resulting 1 a reduction of the layout area msofar
as a lower number of big switches (e.g., selectors) and
related circuitry 1s needed. The dynamic switching architec-
ture also results 1n a reduced current consumption and a
higher efficiency of the charge pump circuit 408 msofar as
there 1s no need to regulate the charge pump circuit 408 at a
high voltage value. The dynamic switching architecture also
allows to trim the difference AV between the supply voltage
Ve and the regulated voltage Vygg, resulting i a higher
degree of flexability of the architecture and increased adapt-
ability to ditferent specifications (e.g., charge/discharge vol-
tage supply ramp rate). In one or more embodiments, hys-
teresis 1s mtroduced to avoid undesired switching.

Additionally, n one or more embodiments an on/off
architecture facilitates limited and controlled standby cur-
rent consumption and quiescent current consumption.

Without prejudice to the underlying principles, the details
and embodiments may vary, even significantly, with respect
to what has been described by way of example only, without

departing from the extent of protection.
The extent of protection 1s determined by the annexed
claims.
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What 1s claimed 1s:

1. A circuit, comprising:

an mput node configured to receive an mput voltage;

an output node configured to produce a regulated output
voltage;

a first feedback network configured to produce a feedback
signal mdicative of the regulated output voltage, and
compare the feedback signal to areference signal to pro-
duce a first pulsed control signal, wherein the first pulsed
control signal 1s asserted in response to the reference sig-
nal being higher than the feedback signal and de-asserted
1in response to the reference signal bemng lower than the
feedback signal, whereby a time-averaged value of the
first pulsed control signal 1s a function of a difference
between the reference signal and the feedback signal;

a second feedback network configured to produce a thresh-
old signal indicative of the input voltage, and compare
the regulated output voltage to the threshold signal to
produce a second control signal, wherein the second con-
trol s1gnal 1s asserted in response to the threshold signal
being higher than the regulated output voltage and de-
asserted 1n response to the threshold signal bemng lower
than the regulated output voltage;

a charge pump circuit configured to produce a supply vol-
tage higher than the mput voltage, wherem the charge
pump circuit 1s enabled 1mn response to the second control
signal being de-asserted and 1s clocked by the first pulsed
control signal, whereby a value of the supply voltage 1s a
function of the first pulsed control signal;

a first pass element arranged between the input node and the
output node, wherein the first pass element 1s enabled 1n
response to the second control signal bemng asserted and
1s selectively activated to connect the mput node to the
output node 1n response to the first pulsed control signal
being asserted; and

a second pass element arranged between an output of the
charge pump circuit and the output node, wherein the
second pass element 1s selectively activated to connect
the output of the charge pump circuit to the output node
in response to the second control signal being de-

asserted.
2. The circuitof claim 1, wherein the first feedback network

comprises a low-voltage clocked comparator configured to
compare the feedback signal to the reference signal, to assert
the first pulsed control signal 1n response to the reference sig-
nal being higher than the feedback signal, and to de-assert the
first pulsed control signal 1n response to the reference signal
being lower than the feedback signal.

3. The circuit of claim 2, wherein the low-voltage clocked

comparator Comprises:

a plurality of dynamic comparators clocked by respective
time-shifted clock signals, wherem the respective clock
signals have a same clock period and are time shifted one
with respect to the other by a fraction of the same clock
perniod, wherein the dynamic comparators 1n the plurality
ol dynamic comparators are configured to sequentially
compare the feedback signal to the reference signal to
assert and de-assert respective output signals m response
to the reference signal bemng higher and lower, respec-
tively, than the feedback signal; and

a monostable circuit configured to recerve the output sig-
nals from the plurality of dynamic comparators and to
assert the first pulsed control signal 1n response to asser-
tion of any of the output signals recerved from the plur-
ality of dynamic comparators.

4. The circuit of claim 3, wherein the low-voltage clocked

comparator comprises a ring oscillator configured to produce
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the time-shifted clock signals for the plurality of dynamic

comparators.
S. The circuit of claim 2, comprising a first level shifter

circuit arranged between the low-voltage clocked comparator
and the first pass element, the first level shafter circuit being
configured to shift the first pulsed control signal from a low-
voltage domain to a high-voltage domain and to propagate the
shifted first pulsed control signal to the first pass element n

response to the second control signal being asserted.
6. The circuit of claim 1, wherein the first feedback network

comprises a first resistance arranged 1n series with a first cur-
rent generator between the output node and a ground node,
wherein the feedback signal 1s produced at a node intermeda-
ate the first resistance and the first current generator.

7. The circuit of claim 6, wherein the first current generator
comprises a variable current generator configured to produce
a variable current as a function of a value of a first digital con-
trol signal, whereby the feedback signal 1s shifted as a function

of the first digital control signal.
8. The circuit of claim 1, wherein the second feedback net-

work comprises:
a second resistance arranged 1n series with a second current

generator between the mput node and a ground node,

wherein the threshold signal 1s produced at a node nter-

mediate the second resistance and the second current
generator, and

a further comparator configured to compare the regulated

output voltage to the threshold signal, to assert the second
control signal in response to the threshold signal being
higher than the regulated output voltage, and to de-assert
the second control signal i response to the threshold s1g-
nal being lower than the regulated output voltage.

9. The circuit of claim 8, wherein the second current gen-
erator comprises a variable current generator configured to
produce a variable current as a function of a value of a second
digital control signal, whereby the threshold signal 1s shifted
as a function of the second digital control signal.

10. The circuit of claim 8, comprising an mverter circuit and
a second level shifter circuit arranged between the further
comparator and the second pass element to produce a comple-
ment signal of the second control signal, shift the complement
signal from a low-voltage domain to a high-voltage domain,
and propagate the shifted complement signal to the second
pass element, wherein the second pass element 15 activated
1n response to the shifted complement signal bemng asserted
and 1s de-activated in response to the shifted complement s1g-
nal being de-asserted.

11. A memory device, comprising:

an array of memory cells arranged 1n a plurality of bat lines

and aplurality of word lines, wherein each memory cell 1s
arranged 1 series with a respective selection transistor
between a ground terminal and the corresponding bat
line, and each bat lin¢ 1s selectively couplable to a supply
voltage rail; and

a voltage regulator circuit comprising:

an mput node configured to recerve an mput voltage;

an output node coupled to the supply voltage rail to pro-
vide a regulated output voltage thereto;

a first feedback network configured to produce a feed-
back signal mndicative of the regulated output voltage,
and compare the feedback signal to a reference signal

to produce a first pulsed control signal, wherein the
first pulsed control signal 1s asserted 1n response to
the reference signal bemng higher than the feedback
signal and de-asserted in response to the reference sig-
nal bemg lower than the feedback signal, whereby a
time-averaged value of the first pulsed control signal
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1s a function of a difference between the reference sig-

nal and the feedback signal;
a second feedback network configured to produce a

threshold signal imndicative of the mput voltage, and
compare the regulated output voltage to the threshold
signal to produce a second control signal, wherein the
second control signal 1s asserted 1n response to the
threshold signal being higher than the regulated output
voltage and de-asserted 1n response to the threshold
signal being lower than the regulated output voltage;

a charge pump circuit configured to produce a supply
voltage higher than the mput voltage, wherein the
charge pump circuit 1s enabled 1 response to the sec-
ond control signal being de-asserted and 1s clocked by
the first pulsed control signal, whereby a value of the
supply voltage 1s a function of the first pulsed control
signal;

a first pass element arranged between the mput node and
the output node, wherein the first pass clement 18
enabled 1n response to the second control signal
being asserted and 1s selectively activated to connect
the mputnode to the output node 1n response to the first
pulsed control signal being asserted; and

a second pass element arranged between an output of the
charge pump circuit and the output node, wherein the
second pass element 1s selectively activated to connect
the output of the charge pump circuit to the outputnode
in response to the second control signal being de-
asserted;

wherein the voltage regulator circuit 1s selectively activated

to produce the regulated output voltage n response to a

memory read command being received by the memory
device.

12. The memory device of claim 11, wherein the word lines
are selectively couplable to the output node of the voltage reg-
ulator circuit, the memory device being configured to couple
one or more unselected word lines to the output node of the
voltage regulator circuit during a read operation from a
selected word line 1n the memory device.

13. The memory device of claim 12, wherem:

afiltered output voltage 1s produced at the one ormore unse-

lected word lines coupled to the output node of the vol-

tage regulator circuit;

the first feedback network of the voltage regulator circuit s

selectively couplable to the unselected word lines and 1s

configured to produce the feedback signal indicative of
the filtered output voltage; and

the second feedback network of the voltage regulator cir-

cuit 1s selectively couplable to the unselected word lines

and 1s configured to compare the filtered output voltage
to the threshold signal to produce the second control
signal.

14. The memory device of claim 11, wherein the first feed-
back network comprises a low-voltage clocked comparator
configured to compare the feedback signal to the reference
signal, to assert the first pulsed control signal 1n response to
the reference signal being higher than the feedback signal, and
to de-assert the first pulsed control signal 1n response to the

reference signal being lower than the feedback signal.
15. The memory device of claim 14, wherein the low-vol-

tage clocked comparator comprises:
a plurality of dynamic comparators clocked by respective

time-shifted clock signals, wherem the respective clock
signals have a same clock period and are time shifted one
with respect to the other by a fraction of the same clock
perniod, wherein the dynamic comparators 1n the plurality
of dynamic comparators are configured to sequentially
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compare the feedback signal to the reference signal to
assert and de-assert respective output signals m response
to the reference signal being higher and lower, respec-
tively, than the feedback signal; and

a monostable circuit configured to receive the output sig-

nals from the plurality of dynamic comparators and to
assert the first pulsed control signal 1n response to asser-
tion of any of the output signals recerved from the plur-
ality of dynamic comparators.

16. The memory device of claim 15, wherein the low-vol-
tage clocked comparator comprises a ring oscillator config-
ured to produce the time-shifted clock signals for the plurality
of dynamic comparators.

17. The memory device of claim 14, wherein the voltage
regulator circuit comprises a first level shafter circuit arranged
between the low-voltage clocked comparator and the first pass
clement, the first level shifter circuit being configured to shift
the first pulsed control signal from a low-voltage domain to a
high-voltage domain and to propagate the shifted first pulsed
control signal to the first pass element 1n response to the sec-
ond control signal bemng asserted.

18. The memory device of claim 11, wherein the first feed-
back network comprises a first resistance arranged 1n series
with a first current generator between the output node and a

10
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ground node, wherein the feedback signal 1s produced at a
node mtermediate the first resistance and the first current
generator.

19. The memory device of claim 18, wherein the first cur-
rent generator comprises a variable current generator config-
ured to produce a variable current as a function of a value of a
first digital control signal, whereby the feedback signal 1s
shifted as a tunction of the first digital control signal.

20. The memory device of claim 11, wherein the second
feedback network comprises:

a second resistance arranged 1n series with a second current
generator between the mput node and a ground node,
wherein the threshold signal 1s produced at a node nter-
mediate the second resistance and the second current
generator, and

a further comparator configured to compare the regulated
outputvoltage to the threshold signal, to assert the second
control signal 1 response to the threshold signal being
higher than the regulated output voltage, and to de-assert
the second control signal in response to the threshold s1g-
nal being lower than the regulated output voltage.
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